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BackgroundBackground
•• During the 1970During the 1970’’s and 80s and 80’’s scientists used physical methods to s scientists used physical methods to 

reduce fuel flammability in the event of a catastrophic fuel reduce fuel flammability in the event of a catastrophic fuel 
release.release.

•• The fuel releases of interest, were those that occurred when an The fuel releases of interest, were those that occurred when an 
aircraft wing or jet fuel tank failed as the result of a ground aircraft wing or jet fuel tank failed as the result of a ground 
crash situation.crash situation.

•• Atomized fuel release in the presence of an ignition source Atomized fuel release in the presence of an ignition source 
cause intense fires and explosions.cause intense fires and explosions.

•• Intense fires and explosions greatly reduce post crash Intense fires and explosions greatly reduce post crash 
survivability.survivability.

•• Gelled fuel program  and the Gelled fuel program  and the AntimistingAntimisting kerosene program kerosene program 
(AMK).(AMK).

•• High molecular weight polymers were used to increase fuel High molecular weight polymers were used to increase fuel 
viscosity and thus inhibit the fuel atomization.viscosity and thus inhibit the fuel atomization.

•• Small scale programs were very successful.Small scale programs were very successful.
•• Programs required modification of plane with degraders.Programs required modification of plane with degraders.
•• Controlled impact demonstration (Boeing 720) failed.Controlled impact demonstration (Boeing 720) failed.
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KnownKnown

•• Atomization of jet fuel can produce highly Atomization of jet fuel can produce highly 
flammable, extremely explosive fuel air flammable, extremely explosive fuel air 
mixtures.mixtures.

•• The flammability characteristics of atomized The flammability characteristics of atomized 
jet fuel are dependent on the number density jet fuel are dependent on the number density 
and droplet size of the fuel.and droplet size of the fuel.

•• Smaller droplets exhibit greater flammability.Smaller droplets exhibit greater flammability.

Aviation Fuels with Improved Fire Safety: A Proceedings, NMAB-490; 
National Academy Press: Washington, DC. 1997; 1-141.
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ObjectivesObjectives

•• Develop an understanding of critical Develop an understanding of critical 
mechanisms that control aerosol productionmechanisms that control aerosol production

•• Model aerosol production mechanismsModel aerosol production mechanisms
•• Correlate flammability characteristics with Correlate flammability characteristics with 

aerosol parametersaerosol parameters
•• Reduce fuel flammability by the addition of Reduce fuel flammability by the addition of 

chemical additiveschemical additives
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NonNon--Flammable Fuel?Flammable Fuel?

JetJet engine combustion:  atomization is in a controlled engine combustion:  atomization is in a controlled 
environmentenvironment

•• adjust pressure, temperatures, and nozzlesadjust pressure, temperatures, and nozzles

Safety:  leak or rupture under atmospheric conditionsSafety:  leak or rupture under atmospheric conditions
•• chemical additives ideally prevent fuel from chemical additives ideally prevent fuel from 

burningburning
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Aerosol DynamicsAerosol Dynamics

•• Liquid surface tensionLiquid surface tension
•• Liquid molecular interactionsLiquid molecular interactions
•• ViscosityViscosity
•• Vapor pressureVapor pressure
•• Liquid densityLiquid density

Chemical and physical parameters of Chemical and physical parameters of 
aerosol productionaerosol production
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Fuel CharacteristicsFuel Characteristics

MILMIL--DTLDTL--5624M (JP5) and MIL5624M (JP5) and MIL--DTLDTL--83133B (JP8)83133B (JP8)

•• Hydrocarbon content CHydrocarbon content C99--CC1616
•• 55% Aromatic, 45% 55% Aromatic, 45% AlkanesAlkanes
•• Flashpoint 38 Flashpoint 38 00C (JP8), 60 C (JP8), 60 00C (JP5)C (JP5)
•• Boiling point 150Boiling point 150--290 290 00CC
•• AutoignitionAutoignition temperature 229 temperature 229 00CC
•• Several thousand componentsSeveral thousand components
•• Maximum sulfur of 0.5%, sulfides, disulfides, Maximum sulfur of 0.5%, sulfides, disulfides, thiolsthiols
•• Nitrogen in 10 to 15 Nitrogen in 10 to 15 ppmppm rangerange
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Fuel StorageFuel Storage

•• Military fuels can be in storage for one/two Military fuels can be in storage for one/two 
yearsyears

•• Low molecular weight acid compounds, Low molecular weight acid compounds, 
alcohols, and alcohols, and aldehydesaldehydes promote jet fuel promote jet fuel 
degradationdegradation

•• Fuel degradation is measured in terms of Fuel degradation is measured in terms of 
sediment formation that can plug nozzles and sediment formation that can plug nozzles and 
filtersfilters

Chemical additives to control fuel flammability Chemical additives to control fuel flammability 
must be stablemust be stable

Mushrush, G. W. Fuel Instability 1: Organo-Sulfur 
Hydroperoxide Reactions. Fuel Science and Technology INT’L 
1992, 10, 1523-1560. 

Watkins, J. M. Jr.; Mushrush, G. W.; Hazlett, R. N.; 
Beal, E. J. Hydroperoxide Formation and Reactivity in 
Jet Fuels, Energy and Fuels 1989, 3, 231-236.
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Proposed Chemical Fuel AdditivesProposed Chemical Fuel Additives

•• Esters (methyl Esters (methyl linoleatelinoleate –– CC1818 and methyl and methyl palmitatepalmitate ––CC1616))
•• Hydrocarbon polymers (Hydrocarbon polymers (polyisobutylenepolyisobutylene and and 

polyisoprenepolyisoprene))
•• MethacrylatesMethacrylates
•• High molecular weight ethers (High molecular weight ethers (polyoxyethylenepolyoxyethylene

isooctylcyclohexylisooctylcyclohexyl ether)ether)
•• Aromatic alkyl substituted phenolsAromatic alkyl substituted phenols
•• AnticingAnticing compounds (NRL patent)compounds (NRL patent)

Chemical structures stable in fuelsChemical structures stable in fuels

Little, R. C.; Pratt, R.; Romans, J. B. The Effects of 
Additives on the Aerosolization of JP-5 Jet Fuel.  
Fire Safety journal 1983, 5, 145-156. 

Mannheimer, R. J. Degradaton and Characterization of 
Antimisting Kersosene (AMK), DOT/FAA/CT-82/93, National 
Technical Information Service: Springfield VA, 1985; 1-77.
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AtomizersAtomizers
•• Pressure atomizers (nozzles)Pressure atomizers (nozzles)

•• AirAir--Assist atomizersAssist atomizers

•• AirblastAirblast atomizersatomizers

•• Rotary atomizers to be used in Rotary atomizers to be used in 
this studythis study

AirAir

LiquidLiquid

LiquidLiquid

LiquidLiquid
AirAir

AirAir

Lefebvre, A. H. Atomization and Sprays; Hemisphere Publishing 
Corporation: Philadelphia, 1988.
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Rotary AtomizerRotary Atomizer

•• Simulate droplet linear velocities associated Simulate droplet linear velocities associated 
with aircraft landing in crash situations. with aircraft landing in crash situations. 

•• Drop sizes of the fuel formed in the flat Drop sizes of the fuel formed in the flat 
spray pattern easily controlled by the spray pattern easily controlled by the 
rotational speed of the atomizer. rotational speed of the atomizer. 

•• Simulate shearing forces and their effects Simulate shearing forces and their effects 
on additives associated with droplet on additives associated with droplet 
formation.formation.

Lefebvre, A. H. Atomization and Sprays; Hemisphere 
Publishing Corporation: Philadelphia, 1988.

Mannheimer, R. J. Real-Time Quality Control of Antimisting Kerosene 
(AMK), DOT/FAA/CT-85/5, National Technical Information Service: 
Springfield VA, 1985; 1-47.
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CrossCross--section of Rotary Atomizer Disksection of Rotary Atomizer Disk
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Mannheimer, R. J. Degradaton and Characterization of 
Antimisting Kersosene (AMK), DOT/FAA/CT-82/93, National 
Technical Information Service: Springfield VA, 1985; 1-77.

Little, R. C.; Pande, S.; Romans, J. B. Evaluation of Polyisobutylene
(PIB) Formulations in JP-5 Jet Fuel: The Effect of PIB Concentration 
on Fuel Mist Flammability, NRL Memorandum Report 5195; Naval 
Research Laboratory: Washington, DC, September 1983; 1-24.
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Motor Control
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Motor ControlPeristaltic pumpPeristaltic pump
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Motor ControlPeristaltic pumpPeristaltic pump

TachometerTachometer
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Motor ControlPeristaltic pumpPeristaltic pump
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Motor ControlPeristaltic pumpPeristaltic pump
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Motor ControlPeristaltic pumpPeristaltic pump
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Rotary AtomizerRotary Atomizer
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Video of Rotary AtomizerVideo of Rotary Atomizer
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Rotary Atomizer InstrumentationRotary Atomizer Instrumentation

•• LabVIEWLabVIEW data acquisition system for data acquisition system for 
automated control and data collection. automated control and data collection. 

•• Video monitor for the ignition of fuel Video monitor for the ignition of fuel 
mist and propagation of ignited flame. mist and propagation of ignited flame. 

•• Control of disk speed is achieved by a Control of disk speed is achieved by a 
variable frequency speed controller. variable frequency speed controller. 
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Drop Size MeasurementsDrop Size Measurements

•• Malvern Malvern SpraytechSpraytech
•• Laser forward light scatteringLaser forward light scattering
•• 670 nm diode laser670 nm diode laser
•• 10 mm beam diameter (other 10 mm beam diameter (other 

sizes available)sizes available)
•• Real time measurements 1 to Real time measurements 1 to 

2500 Hz2500 Hz
•• Size range 1.0 Size range 1.0 µµm to 850 m to 850 µµm m 

(other size ranges available)(other size ranges available)
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Measurement of Aerosol Size DistributionMeasurement of Aerosol Size Distribution

•• Drop size Drop size 
distributiondistribution

•• Number Number 
densitydensity

•• Specific Specific 
surface areasurface area

Malvern Malvern SpraytechSpraytech Coupled to AtomizerCoupled to Atomizer
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Rotary Atomizer Size Distribution for a Water Aerosol at Rotary Atomizer Size Distribution for a Water Aerosol at 
Flow of 410 Flow of 410 mLmL/min and Disk Tangential Velocity of 67 /min and Disk Tangential Velocity of 67 m/sm/s

Dv(10) = 26 Dv(10) = 26 µµmm
SM = 43 SM = 43 µµmm
Dv(50) = 58 Dv(50) = 58 µµmm
Dv(90) = 130 Dv(90) = 130 µµmm
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SM = Diameter of a droplet whose SM = Diameter of a droplet whose 
surface to volume ratio is equal to surface to volume ratio is equal to 
that of the entire spray.that of the entire spray.
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Aerosol SystemsAerosol Systems

•• Water aerosolsWater aerosols
•• Water/additives aerosolsWater/additives aerosols

•• DodecaneDodecane aerosolsaerosols
•• Fuel aerosolsFuel aerosols
•• Fuel/additives aerosolsFuel/additives aerosols
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Drop Size Distribution for a Water Aerosol at a Flow of 410 Drop Size Distribution for a Water Aerosol at a Flow of 410 mLmL/min /min 
and Disk Tangential Velocities of 67 and Disk Tangential Velocities of 67 m/sm/s and 40 and 40 m/sm/s

SauterSauter Mean DiameterMean Diameter

43 µm at 67 m/s
63 µm at 40 m/s

Drop Diameter (µm)
10 100 1000

V
ol

um
e 

Fr
eq

ue
nc

y 
(%

)

0

2

4

6

8

10



Naval Research Laboratory

SauterSauter Mean Diameter vs. Disk Tangential Velocity for a 5% Mean Diameter vs. Disk Tangential Velocity for a 5% 
((v/vv/v) Additive/Water Aerosol at Flow of 410 ) Additive/Water Aerosol at Flow of 410 mLmL/min/min
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Droplet Formation at Low Flow Rates, QDroplet Formation at Low Flow Rates, Q

RR ωω
QQ

Centrifugal force = surface tension forceCentrifugal force = surface tension force

((ππd d 33 ρρ / 6)(/ 6)(ωω 22RR)) = = cc((σπσπdd))

WWee = = ρρ ωω 22R R 33 / / σσ

ccdd
RR

==
√√WWee

(Drop Mass) (Acceleration) (Surface tension) (Circumference)

Drop diameter (d) and Drop diameter (d) and ωω
are independent of Qare independent of Q

Lefebvre, A. H. Atomization and Sprays; Hemisphere Publishing 
Corporation: Philadelphia, 1988.
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WWee = = ρρ ωω 22R R 33 / / σσ

ccdd
RR

==
√√WWee

The Ratio of Drop Diameter to Disk Radius vs. the Inverse of  thThe Ratio of Drop Diameter to Disk Radius vs. the Inverse of  the e 
Weber Number for a 5% (Weber Number for a 5% (v/vv/v) Additive/Water Aerosol) Additive/Water Aerosol
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Droplet Formation at High Flow Rates, QDroplet Formation at High Flow Rates, Q

•• Growth of shear induced instabilities on the jet is opposed by tGrowth of shear induced instabilities on the jet is opposed by the he 
surface tension forcessurface tension forces

•• Jet breakup length, Jet breakup length, LLjj depends on Q, Wdepends on Q, Wee, R, Ree
•• Drop diameter depends on We and ReDrop diameter depends on We and Re

RR ωω
QQ

LLjj

Lefebvre, A. H. Atomization and Sprays; Hemisphere Publishing 
Corporation: Philadelphia, 1988.
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Droplet TransportDroplet Transport

•• Droplet evaporationDroplet evaporation
•• Droplet coalescenceDroplet coalescence

fuel dropletsfuel droplets

fuel vaporfuel vapor
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Fuel Aerosol FlammabilityFuel Aerosol Flammability

•• Heat flux measurementsHeat flux measurements
•• Flame propagationFlame propagation

For defined aerosol liquid parametersFor defined aerosol liquid parameters
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FlammabilityFlammability

•• Electrical sparks or arcsElectrical sparks or arcs
•• LasersLasers
•• Hot Surfaces (frictional sparks, heated wires, Hot Surfaces (frictional sparks, heated wires, 

rods, or fragments, heated vessels or tubes)rods, or fragments, heated vessels or tubes)
•• Pilot or burner flamesPilot or burner flames

Ignition SourcesIgnition Sources
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ConclusionConclusion
•• Apparatus characterization is in Apparatus characterization is in 

progress.progress.
•• Additives with water are shown to Additives with water are shown to 

behave in reproducible and behave in reproducible and 
predictable fashion.predictable fashion.

•• Efforts to begin fuel analysis are Efforts to begin fuel analysis are 
underway.underway.
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Benefits of ResearchBenefits of Research

•• Increased fuel safety aboard both military and civilian Increased fuel safety aboard both military and civilian 
aircraftsaircrafts

•• Increased safety aboard military aircraft carriersIncreased safety aboard military aircraft carriers
•• Improved safety for all middle distillate fuel Improved safety for all middle distillate fuel 

applicationsapplications
•• Research may be applied to other potential flammable Research may be applied to other potential flammable 

fluids used aboard Navy vesselsfluids used aboard Navy vessels

Successful research will benefit both military andSuccessful research will benefit both military and
civilian sectorscivilian sectors
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